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Abstract 
Under the construction of smart grid, transmission grid investment is faced with many potential risks, and high 
flexibility of decision-making is asked. Based on technology readiness theory, stage financing issues for 
transmission grid investment are studied. Then transmission grid investment is divided into several stages, and in 
order to form an optimal investment scheme and find reasonable fund for each stage, a decision-making model 
for transmission grid investment based on technology readiness is established. The model is validated through 
three-stage transmission grid investment project in IEEE-24 bus system, to consider the optimal investment 
decision between transmission lines and TCSC devices. 
Keywords: technology readiness level; stage financing; smart transmission grid. 
__________________________________________________________________________________ 
1. Introduction 
With the development of smart grid, the strategic target of building a strong smart grid has been 
proposed in our country. And the investment and construction of smart transmission grid is the key 
link [1]. The investment on transmission grid projects, whose proceeds are uncertain, is usually in a 
large scale and has a long period, and a lot of factors should be considered [2-5]. At the present time, 
our country takes Flexible AC Transmission System (FACTS), as the key module of smart 
transmission grid construction. It is a high-risk, large-scale and combinatorial investment issue to 
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introduce FACTS into the transmission grid investment. Consequently it has the great significance to 
propose effective strategies to reduce the risks on transmission grid investment. 
Till now, lots of research on transmission grid investment decision-making has been done. After 
analyzing the transmission investment issue in which FACTS devices were included, paper [8] 
proposed a new approach for investors to obtain the optimal investment decisions. Based on the real 
option theory and non-cooperative game theory, a delay option game model on transmission grid 
investment decision-making was proposed in [9], providing a foundation. An evaluation model has 
been constructed to compute the benefits for different market entities after analyzing the 
decision-making process of transmission investment in [10]. Considering the autonomy of power 
market entities and the uncertainty of power market sufficiently, a multi-agent based decision-making 
model on transmission grid investment was proposed in [11]. Fuzzy real option method was used in 
[12] to analyze the transmission investment decision under uncertain environment. 
Technology Readiness Assessment (TRA), proposed by Secretary of Defense, has been widely 
used in risk management of military technology recently [13-14]. It also provides a new way to the 
investment decision-making in our country. In this paper, we just apply the theory to analyze the 
decision-making issue of smart transmission grid. Firstly, the investment should be divided into some 
efficient stages according to technology readiness levels; secondly, a decision-making model on stage 
financing is constructed based on technology readiness to determine the optimal investment scheme; 
finally, the efficiency of the model is validated through an example in an IEEE 24-bus system. 
2. Analysis on technology readiness of smart transmission grid 
2.1. Technology readiness 
Technology readiness (TR) is a general indicator to assess the readiness of technology development 
by many government agencies, especially NASA and DOD. TR indicates the maturity of technology 
development in some specific related systems and projects. Every technology consequentially has a 
process of development and validation, which can be divided into several stages. Technology 
readiness level (TRL) is a standard to measure and evaluate the technology readiness degree, which 
provides a unified common language for the management and research institutions [15]. TRL has now 
developed to 9 levels: 
1) TRL1, Basic principles observed and reported; 
2) TRL2, Technology concept and/or application formulated; 
3) TRL3, Analytical and experimental critical function; 
4) TRL4, Component and/or breadboard validated in laboratory environment; 
5) TRL5, Component and/or breadboard validated in relevant environment; 
6) TRL6, System/subsystem model or prototype demonstration on the ground or in space; 
7) TRL7, System prototype demonstrated in a space environment; 
8) TRL8, Actual System completed and “flight qualified” through test; 
9) TRL9, Actual system “flight proven” through successful mission operations. 
2.2. Decision-making analysis on stage financing for smart transmission grid based on TR 
Introducing TR theory, the research and investment on transmission grid can also be divided into 
several levels. Compared to one-off financing, stage financing will be more flexible. That is because 
in stage financing, investors can modify upper financing decisions according to the latest information. 
Figure 1 illustrates the procedure to analyze the stage financing decision-making. 
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Fig. 1 Analysis process of decision-making on stage financing for smart transmission grid investment based on TR.
1) According to TRL, divide the investment into several stages. 
2) Construct the assessment model on optimal decisions for different investment schemes. 
3) Basing on the assessment model, calculate the indicator values of all the investment schemes. 
4) Compare the schemes and their combinations, choose the optimal one. 
3. Decision-making model on smart transmission grid investment based on TR 
3.1. Modeling 
In this section, a decision-making model based on TR will be constructed. In the modeling, TRL is 
a measurement of the finishing degree at each stage, and the maximal probability that the project 
achieves TRL8 will be the objective function. 
Assume that each alternative program starts at a certain TRL, and then upgrades according to a 
certain probability. The total investment cost is fixed, while at each stage the investment is flexible. 
The increasing of the investment on one project will raise the probability of TRL transitting. 
At any stage, the initial state set can be denoted as H ={1,2,3,4,5,6,7,8,ø}, where “1,2,…,8” 
indicates the TRL that the program has reached, and “ø” indicates giving up investment. 
The state set of investment decision and the funds at the n -th stage can be written by 
( , ) ( )n n
i I
S M H R+∈
∈ ×∏                          (1) 
Where nS  ( HSn ⊆ ) is the state of the investment program, and nM  is the investment funds; I
is the amount of alternative programs; +R  is the matrix of investment funds for each program. 
The decision set at the n -th stage can be given by 
{ }1( , ) ( , ) 0,1 I Ln n n nX S M X M R×+ += ∈ ×                    (2) 
Where nX  ( { }InX 1,0⊆ , inX =0) is decision-making variable; inX =0 means abandoning the 
i -th program; inX =1 means executing the i -th program; L  indicates the number of TRLs. 
So far, the decision-making model based on TR, whose objective function is maximal probability 
that the project achieves TRL8, can be constructed as 
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Where nilC  and nilX  respectively means the investment cost and the decision–making variable 
of the i -th program at the n -th stage when the technology readiness level is l ; nilX =0 means 
giving up to invest the i -th scheme when the technology readiness level is l , while nilX =1 means 
executing it. 
3.2 Model solution 
Backward induction is applied to solve the decision-making model, and the solution procedure is: 
Firstly, calculate the maximal probability that the alternative program achieves TRL8 at the last 
investment stage (the N -th stage), and denote it as ( )NNN MSf , :
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Secondly, calculate the maximal transition probability at the ( 1−N )-th investment stage: 
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Thirdly, calculate the maximal transition probabilities according to equation (9); 
Finally, according to the decision-making index value of each program, choose the best investment 
program or the combination of these programs. 
4. Case study 
In this chapter, an IEEE 24-bus system will be used to analyze our decision-making model. The 
initial structure is shown in figure 2, where the length and the transmission capacity can be referenced 
in [16]. In this case, an investment project is considered to increase capacity of the line between node 
11 and node 13 (L1), and the line between node 15 and node 21(L2). There are three optional 
programs: transmission lines investment, TCSC devices investment, and the combination of the above 
two. 
Based on TRL, the investment can be divided into 3 stages ( N =3), and at the end of the third stage 
there is at least one investment program that enables the transmission project to reach TRL8. Figure 3 
shows the TRL transition at the whole investment stage. And Table I (a), (b), (c) respectively list the 
state transition probability of each investment program calculated by using Delphi algorithm. 
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Fig. 2 IEEE 24-bus system.                   Fig. 3 TRL transition at the whole investment stage. 
Table I (a).State transition probabilities of Transmission line. 
Initial TRL 4 4 4 4 4 5 5 5 5 6 6 6 7 7 8 
End TRL 4 5 6 7 8 5 6 7 8 6 7 8 7 8 8 
Probability 0.3 0.1 0.4 0.15 0.05 0.1 0.4 0.3 0.2 0.1 0.5 0.4 0.1 0.9 1 
Table I (b). State transition probabilities of TCSC  
Initial TRL 4 4 4 4 4 5 5 5 5 6 6 6 7 7 8 
End TRL 4 5 6 7 8 5 6 7 8 6 7 8 7 8 8 
Probability 0.1 0.1 0.5 0.2 0.1 0.2 0.5 0.2 0.1 0.1 0.6 0.3 0.15 0.85 1 
Table I (c).State transition probabilities of Transmission line and TCSC 
Initial TRL 4 4 4 4 4 5 5 5 5 6 6 6 7 7 
End TRL 4 5 6 7 8 5 6 7 8 6 7 8 7 8 
Probability 0.2 0.1 0.45 0.18 0.07 0.15 0.45 0.25 0.15 0.1 0.55 0.35 0.12 0.88 
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Assume that the smart transmission investment budget is 6 billion yuan RMB, and the investment 
cost of transmission line is 2,815,600 yuan RMB per kilometer [17], while the investment cost of 
TCSC is 460 yuan RMB per kvar [18]. The decision-making model is then used to calculate the 
probability that each investment program achieves TRL8 (see Table 2), and the investment funds at 
each stage are shown in Figure 4. 
Table 2.The optimal probobility for each investment program to reach TRL8 
Investment program Transmission line TCSC Transmission line and TCSC 
Probability 0.59 0.76 0.68 
Table 2 shows that the probability that transmission line investment program achieves TRL8 is the 
smallest, while the probability of TCSC devices investment program is the largest. Besides, if 
transmission line and TCSC devices are invested at the same time, the probability is between the 
above two. The reason for this phenomenon is that the cost of transmission line and TCSC at the same 
stage is different: to realize the same transmission capacity, the cost of TCSC is lower than that of 
transmission line. Therefore, in a case of a fixed total cost, in order to maximize the probability that 
the transmission investment projects achieve TRL8, TCSC devices program should be chosen. 
0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
The first stage The second stage The third stageIn
ve
st
m
en
t f
un
ds
 (
bi
lli
on
 y
ua
n)
Fig. 4 Allocation of funds in various investment stages of smart transmission grid. 
We can learn from Figure 4 that, in the smart transmission investment, the investment funds 
decrease from one stage to another: it is the largest at the first stage, and the smallest at the third. This 
is in connection with TRL that each stage should achieve: the first stage is expected to achieve TRL4, 
TRL5 and TRL6; the second stage is expected to achieve TRL6, TRL7 and TRL8; the third stage is 
expected to achieve TRL8. According to the TRL classification criterion, the first stage, which is the 
key link of technological input, needs to invest more money, while the funds input at the second and 
the third stage gradually decrease with the development of research. Therefore, in the smart 
transmission investment, it needs to arrange the investment funds according to actual needs to 
improve the efficiency in use of funds. 
5. Conclusions 
Technology readiness theory is applied to the decision-making for smart transmission grid 
investment in this paper, based on which a decision-making model on stage financing is constructed.  
According to TRL, the transmission investment can be divided into three stages. Three investment 
programs: transmission line, TCSC devices and the combination of the above two, are compared 
through an IEEE-24 bus system. 
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The conclusions indicate: in the smart transmission investment, the probability of achieving TRL8 
by TCSC investment program is higher than that by transmission line program, and if these two 
programs are invested at the same time, the probability is between the above two. Therefore, TCSC 
devices should be given a priority in the smart transmission investment. In addition, the investment 
risk can be efficiently controlled by dividing the investment into several stages based on TRL, 
arranging reasonable investment funds, and appropriate strategies for each stage according to actual 
needs. 
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